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Photograph shows the experimental setup of pulsed laser deposition 
(PLD) at Laser Materials Processing Division (LMPD) of RRCAT. 
rd3  harmonics of a Q-Switched Nd:YAG laser (355 nm, 6 ns and 10 
Hz) with a maximum energy of ~ 400 mJ/pulse is used to ablate 
materials from their high density targets inside a vacuum growth 
chamber. This ablation event produces a transient, highly luminous 
plasma plume (shown in the top right inset) that expands rapidly 
away from the target surface. The ablated material is condensed on a 
solid substrate resulting in the formation of quantum structures or 
the bulk like thin films depending upon the time and other 
conditions of deposition. The picture in the bottom left inset shows the atomic force micrograph of GaSb quantum 
dots grown on Silicon using PLD. The growth process may be supplemented by a passive or a reactive ambient and 
under optimal conditions of deposition, the ratio of the chemical composition of the target and the grown films can 
be the same. (for a relevant article please see page no. 9)
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As we all know, research and developments in materials science have a direct 
bearing on the quality of life. And lasers have undoubtedly underpinned the 
growth of materials science in a significant way during more than last four 
decades. Followed by the early developments on conventional applications of 
lasers in materials processing such as cutting, welding, drilling and surface 
modifications etc, lasers were applied for more advanced applications in 
materials science such as pulsed laser deposition of thin films and 
nanostructures of a host of materials, in particular superconductors and oxide 
semiconductors, laser peening and laser rapid manufacturing etc. These 
developments spurred not only the growth of newer lasers with enhanced 
adaptability but also opened avenues for newer industries in the arena of 
materials engineering. Equally important are the applications of lasers for 
materials testing through nondestructive methodologies such as holography, 
speckle interferometry etc. These methodologies have helped materials 
scientists to understand the properties of materials under different conditions of 
their applications. Keeping such an important contribution of lasers in the field 
of materials science in view, we have dedicated this issue of Kiran to this theme. 
Besides the thematic articles of this special issue, we have our usual features 
‘from Indian Laser Labs’, announcements about the forthcoming conferences 
like Photonics 2008, National Laser Symposium (NLS - 08) and the short 
courses for young scholars being organized by Indian Laser Association prior to 
NLS - 08. I hope you will find this issue of ‘Kiran’ both interesting and 
informative.
For the laser community it is saddening to note that Prof. Willis Eugene Lamb is 
no more. He passed away on May 15, 2008.  Prof. Lamb’s contributions to laser 
physics are foundational and historical. He was honored with Nobel Prize in 
1955. On the last page of this issue we pay our homage to this great scientist and 
a perfectionist.  
Lalit M. Kukreja
August 8, 2008     
FROM THE EDITOR....
1
Laser Based Surface Microstructuring of Lanthanum Hexaboride 
and Silicon Samples for Enhanced Field Emission Effect
2
A novel technique of Laser based surface 
microstructuring has been successfully 
demonstrated at Laser and Plasma Technology 
Division, BARC in collaboration with 
Department of Physics, University of Pune. This 
simple single step laser ablation technique leads 
to formation of periodic ripples and an array of 
self aligned conical columnar structures on the 
laser treated surface. These spikes or micro-
columnar periodic surface features having sub-
micron tip diameter have been observed to work 
as high current density emission cathodes 
operating at low voltage similar to micro-tip 
arrays, having potential application in micro-
electronics as cold cathode field emitters.
Scientists at L&PTD, BARC used a mode-
locked pulsed picosecond Nd:YAG laser 
operating at its second harmonic wavelength of 
532nm, delivering laser pulses of 35picoseconds 
pulse duration and pulse energy of 20mJ to 
demonstrate this process of laser based surface 
microstructuring. While, use of Lanthanum 
Hexaboride as an excellent electron source has 
been widely reported for its high brightness and 
long life, Silicon too has been extensively 
investigated as a potential cold cathode electron 
source largely because of easy integration of 
Silicon tips to existing Silicon based 
microelectronic devices. 
Lanthanum Hexaboride and Silicon pellets 
were subjected to laser treatment under a vacuum 
-2of about 10 mbar, for varying exposure times.  
Using appropriate focusing optics the incident 
2laser fluence was varied over a range of 0.5J/cm  
2to 10J/cm  for both the samples. Surface 
microstructure and morphology of these laser 
treated samples were subsequently examined 
under a Scanning Electron Microscope (SEM). 
Typical SEM images of laser treated Lanthanum 
Haxaboride and Silicon samples showing conical 
microstructures are shown in Fig.1. Field 
emission measurements when performed with 
such laser treated samples have shown enhanced 
field emission effect with good emission stability, 
high current density and low turn on field, largely 
confirming that these improved field emission 
characteristics are due to the dense array of 
spontaneously aligned microstructures generated 
through the process of laser surface irradiation 
and associated field enhancement at these micro-
tips. 
From Indian Laser Laboratories
Fig.1 SEM Image of Laser treated 
(a) Lanthanum Hexaboride, and (b) Silicon.
Sucharita Sinha 
Laser and Plasma Technology Division 
Bhabha Atomic Research Centre 
Mumbai-400 085
(a)
(b)
Ultrafast Carrier Dynamics Measurements 
in Reflection and Transmission Mode
3
M e a s u r e m e n t s  o f  p h o t o - i n d u c e d  
transmission or reflectivity can provide 
information about the carrier dynamics in metal 
and semiconductor quantum structures. In metals 
the absorption of incident light causes a smearing 
of the Fermi-surface, which modifies the inter-
b a n d  a n d  i n t r a - b a n d  a b s o r p t i o n .  I n  
semiconductors photo-generated carriers induce a 
change of absorption due to effects like band 
filling, band gap renormalization, screening and 
free-carrier absorption.  In a pump-probe 
configuration the pump pulse induced changes in 
absorption cause a modification of the refractive 
index, which in turn changes the transmitted or 
reflected energy in the probe. By monitoring the 
sign, magnitude and recovery time of these 
changes it is possible to study electron-electron 
and electron-phonon scattering in metals, while in 
semiconductors carrier capture, carrier cooling 
and carrier decay can be studied.
In our lab we have installed a pump-probe 
set-up for measurement of transient transmission 
and reflectivity measurements in solid and liquid 
samples. The output of a 100fs, 82 MHz Ti: 
Sapphire laser is split into a strong pump and a 
weak probe which are then spatially overlapped 
on the sample with a variable time delay between 
them. The maximum time delay is usually 
restricted to 200 ps but can be extended up to 1 ns 
if required. Mechanical chopping of the pump and 
lock-in detection of the probe enables 
measurement of small changes in the transmission 
or reflectivity of the sample. Figs 1 and 2 show 
examples of transient transmission and reflection 
measurements done in our lab. We collaborate 
with groups developing novel nanostructured 
materials. 
From Indian Laser Laboratories
J.Jayabalan, Salahuddin Khan, 
Asha Singh, Rama Chari and S.C.Mehendale
Laser Physics Applications Division
Raja Ramanna Centre for Advanced Technology
Indore 452013
Fig 1. The transient changes in the transmission of 
metal nanoplatelet colloid for different pump powers. 
To reduce the possibility of thermal degradation the 
sample was kept under constant flow through a 1 mm 
cell. For 10 mW pump power the decay time is 710 fs.
Fig 2. The transient changes in the reflected 
intensity of a quantum well sample at two 
different pump powers. The reflectivity change is 
negative and shows a fast and a slow component.
Sequential Pulsed Laser Deposition of Si doped ZnO Thin 
Films for Transparent Conducting Electrode Applications
4
found to decrease drastically with Si doping and 
-4reach a minimum value of about 6.2×10  ohm-
cm. Carrier concentration was also found to 
20 -3 enhanced and reach a value of about 3×10  cm
compared to the value ~ obtained for undoped 
ZnO film. All the films were highly transparent up 
to ~ 80% in visible spectral region (400-800nm) 
for all the compositions as seen in figure 2.; 
however the absorption edge of ZnO was found to 
shift monotonically towards blue with increasing 
Si doping. The increase in the bandgap of ZnO 
with Si doping was explained by considering the 
competing effect between Burstein-Moss shift 
and band gap renormalization due to high carrier 
concentration. The highly transparent and metal 
like conducting Si doped ZnO films have the 
potentials to be used as transparent conducting 
electrodes in display panels, solar cells and 
organic semiconductor based electronic and 
photonic devices.
From Indian Laser Laboratories
A. K. Das, P. Misra and L. M. Kukreja
Laser Materials Processing Division
Raja Ramanna Centre for Advanced Technology
Indore 452 013
Fig 1: Variation of resistivity with 
Si to ZnO ablation duration ratio
Fig 2: Transmission spectra for different 
Si to ZnO ablation duration ratio
Sequential pulsed laser deposition was used 
to grow highly oriented Si doped ZnO thin films 
with different Si concentrations on (0001) single 
crystal sapphire substrates for use in transparent 
conducting electrode applications. The 
composition of the films was varied by 
controlling the ablation time of Si target 
compared to that of the ZnO target. The Si 
ablation time was kept fixed at 1 sec while ZnO 
ablation time was varied in the range of 10 to 50 
sec to get different concentrations of Si in ZnO. 
these sequences were repeated in predefined way 
to achieve nearly same film thicknesses of ~150 
rdnm. The 3  harmonic of a Q-switched Nd:YAG 
2laser at a fluence of ~1 J/cm  was used for the 
ablation. The substrate temperature was 
omaintained at ~600 C to facilitate proper doping 
of Si in ZnO. 
The deposition chamber was evacuated to a 
-6base pressure of 1×10  mbar prior to deposition 
and then filled with oxygen ambient up to a 
-4pressure of ~ 1×10  mbar during the deposition. 
EDX measurement showed that the Si content in 
the films increased monotonically with increasing 
Si ablation time compared to that of ZnO. the 
resistivity of the films shown in figure 1,was 
5The main driving force behind such efforts 
has been the development of blue-green diodes 
and lasers for optical recording and optical 
waveguides, not with standing several other 
applications such as printing, communications, 
and various sensor applications. In optical 
recording systems, information is recorded in bits 
and read by a semiconductor laser whose output is 
focused to a diffraction-limited spot. A significant 
gain in recording density as well as data transfer 
rate can be achieved by simply using lasers (micro 
lasers) that operate at shorter wavelengths. The 
key issue of the micro laser is to confine light in a 
small volume with dimensions of the order of 
optical wavelength. The fabrication of these lasers 
requires expensive state of the art crystal growth 
and micro- fabrication facilities. The current 
research effort has been on making nonlinear 
optical wave-guides of LiNbO  and KPT. 3
However, these wave-guides are made from 
expensive single crystals facilities.
Therefore, it is desirable to look for 
alternatives like thin films with large non- linear 
response. Our emphasis has been on investigating 
laser deposited nanocrystalline thin films of 
oxides and nitrides for potential applications as 
lasing and nonlinear medium for short 
wavelength lasers, 1-d photonic crystal 
applications (multilayer -films) e.g; Zn1-x MgxO, 
SiO2, and Al2O3, UV sensors (band-gap 
engineering-extend cutoff wavelength from UV-
A (320-400nm) to UV-B (280-320 nm)) for use in 
radiation monitoring, ultra-high temperature 
flame detection, and airborne missile warning 
systems. We have recently demonstrated laser 
action in UV in ZnO nanocrystalline films. Figure 
1 shows laser action in pulsed laser deposited ZnO 
thin film. Figure 2 shows Bandgap variation of 
Mg Zn O and Mg Zn O films with substrate 0.1 0.9 0.3 0.7
temperature. 
Pulsed laser ablation
The use of LIBS as an analytical tool has 
considerably grown over the past 10 years. Being 
based on laser-induced plasma that can be 
produced in all most all media e.g. gas, liquid, 
conducting or non-conducting solids, LIBS can 
be regarded as a unique sampling, atomization, 
excitation and ionization source. One major 
advantage of LIBS analysis over other methods is 
that the spatial information for the distribution of 
elements is preserved. Thus has potential for the 
analysis of minerals and potentially toxic 
elements within calcified tissue e.g. teeth and 
bones, and dental materials. Using the technique it 
Development of Novel Optical Materials for 
Potential Applications in Integrated Optics and Lasers
Fig. 1
Fig. 2
Feature Article
63 3p- p at 507.8 nm) is observed in the emission 
spectrum of laser-ablated aluminum plasma at 70 
Torr nitrogen ambient 6-8 mm away from the 
aluminum target. A one-to-one correlation 
between the reaction enthalpy and the laser 
fluence was observed, more endothermic the 
reaction higher is the fluence required for the 
formation of nitrides and oxide compounds. 
Figure 4 shows Optical emission spectrum of 
aluminum plasma in ambient atmosphere of 
nitrogen at 1 mTorr and 70 Torr. Inset shows AlN 
band with maximum intensity observed at an 
ambient pressure of 70 Torr and 8 mm away from 
the target. Figure 5 shows spatially resolved 
emission spectrum of CN band at 0.1 Torr of 
-2ambient nitrogen pressure at fluence of 12 Jcm . 
Inset shows time integrated spectrum of CN 
bands. The ICCD imaging of the expanding 
plasma using fast photography showed instability 
at the plasma-gas interface, quantified as the 
Rayleigh-Taylor instability with growth time of 
instability estimated in the range 0.09 to 4 ms. Fig. 
should be possible to distinguish unequivocally 
between healthy and caries infected teeth. The 
technique can also be applied to trace the temporal 
evolution of pollutants in environment.  We have 
studied titanium (Ti), silicon (Si), zinc (Zn), lead 
(Pb), carbon (C), and aluminum (Al) etc, the 
elements that are important to medical, biological 
and environmental exposure studies. For 
example, chronic accumulation of lead and 
aluminum in the body may affect the inner organs. 
In order to visualize the behavior of the selected 
atomic and molecular species, we have used a 
combination of the laser spectroscopy with an 
imaging technique. In addition to optical emission 
spectroscopy, laser induced fluorescence (2-D 
imaging) is being used for Spectroscopic 
applications (Spectro-chemical analysis, Species 
in various states: carbon, aluminum, copper etc. 
The technique can be used for Biomedical 
applications (Imaging: spectral and microscopy 
and Horticulture (Quality of fruits) applications. 
The LIF technique allows the detection of ground 
state or long-lived, non-radiative, excited-state 
atoms, molecules or radicals. Figure 3 shows C  2
and C  LIF images at various ambient pressures of 3
N  gas2
In recent years we have extensively studied 
the pulsed laser-ablation of aluminum, carbon, 
and titanium plasma in nitrogen and oxygen 
ambient to understand the formation of AlN, CN, 
and TiO using optical emission spectroscopy, 
plume dynamics of the expanding plasma, 
instability, mechanism and estimation of the 
strength of self-generated magnetic field using 
fast photography, and anisotropic emission in the 
laser-ablated plasma using both space- and time- 
resolved optical emission spectroscopy with 
nanosecond and picosecond laser pulses. 
Formation of AlN band (0-0 band head transition 
Fig. 3
Fig. 4
Fig. 5
76 shows Al plasma expanding in nitrogen 
ambient. Fig 7 (a) shows shock wave formation at 
0.1 Torr, and (b) RT instability at plasma-gas 
interface at 1 Torr ambient nitrogen pressure and 
300 ns delay time.
In order to understand the plasma dynamics 
from images we used the shock wave model of the 
nform R = at  where a is a constant, and drag model 
-btof the form R = R (1–e ) relating the distance of o
plasma plume front R at different delay time t with 
respect to the laser pulse , where R  is the stopping o
distance (distance at which the plume comes to 
rest), and b is the stopping coefficient.
Hydrodynamic equations are used to 
calculate the vapor density, vapor pressure (P ), v
and vapor temperature (T ), respectively, just v
behind the plasma front. Velocity (V), P , and T  v v
6 -1  5 -2were found to be 3.8 ´ 10  cm s , 1.8 ´ 10  Nm , 
5 6 -1  and 9 ´  10  K at 0.1 Torr and 1.6 ´  10  cm s ,2.3 ´  
7 -2 510  Nm , and 1.6 ´ 10  K at 70 Torr, respectively, 
at a delay time of 160 ns. However, at pressures of 
10 and 70 Torr V and T showed an oscillatory v 
behavior at delay times greater than 260 ns. The 
oscillatory behavior is attributed to the occurrence 
of instability in the plasma that grew at later stages 
of expansion. 
For the first time an attempt is made to 
estimate the strength of the self-generated 
magnetic field B in the plasma near the focal spot 
using ICCD images and was found to be around 
26 kG. Steep pressure gradient at the plasma-gas 
interface seems to be the cause that generates 
these fields. An attempt is made to study the 
polarization of plasma at various background 
pressures and incident laser energies. The 
polarization, alignment of the ions in specific 
upper level results from spatial anisotropy of the 
plasma. Since our plasma is optical thin, the origin 
of this alignment could be spatially anisotropic 
velocity distribution arising due to Maxwellian 
distribution with different temperature in 
Fig. 6
Fig. 7
Fig. 8
8different directions. Therefore, degree of 
polarization is a measure of anisotropy in the 
electron distribution function in laser-induced 
plasmas. It is defined as P = (I -I )/(I +I ) where I  II ^ II ^ II
is the intensity of the laser light whose component 
is parallel to the plane of laser incidence and I  the ^
intensity perpendicular to the plane of laser 
2incidence. We used Al III transition 4s S  – 4p 1/2
2 oP  at 569.6 nm to measure P. Figure 8 shows the 3/2
polarization resolved images and spectrum of 
horizontal and vertical components of Al III 
plasma emission at 0.1 Torr ambient pressure of 
ni t rogen.  The degree of  polar izat ion 
2 2 omeasurements for Al III transition 4s S  – 4p P  1/2 3/2
at 569.6 nm showed pulse width dependence i.e. 
more anisotropy with picoseconds laser pulse as 
compared to that with nanosecond laser pulse. 
In order to study shocks generated due to low 
intensity irradiation pump-probe experiments 
where plasma forms one arm of the Mach-
Zehnder Interferometer (MZI) are  carried out. 
The plasma is produced using ns pulse whereas 35 
ps laser (green) is used to temporally probe the 
plume. The interferograms and shadowgrams are 
recorded on CCD-camera kept perpendicular to 
the target surface. From the fringe shift we 
18 -3 estimate electron density of 7 x 10  cm in 
ambient air. The radial density contours are 
converted in to axial variation of density using 
Abel inversion technique. Figure 9 show s typical 
pump-probe experimental lay out. Recently 
preparation of nano-particles by laser-ablation 
has gained lot of interest because of its advantages 
over other methods for creating nanoparticles.  
We have developed a simple model to simulate the 
clusters formation in laser ablated plume in an 
Fig. 9
ambient atmosphere of inert gas.
The evolution of cluster size is obtained by 
incorporating diffusion of ambient gas into an 
adiabatically expanding plume. The onset time 
dependence on ambient pressure follows a simple 
relation of the form {}. The reasonable agreement 
of simulated results for Si with experimental 
observations implies that model is adequate to 
simulate Si cluster formation in the ablation 
plume. 
The work reported is supported by IITK, 
DST and DRDO.
R. K. Thareja
Department of Physics & 
Center for Laser Technology
Indian Institute of Technology, 
Kanpur-208016
9Introduction
Pulsed Laser Deposition or PLD for short is 
an advanced application of lasers in materials 
science. PLD is a versatile and perhaps one of the 
simplest growth methodologies to deposit thin 
films and quantum structures of variety of 
materials using high power lasers [1-3]. The high 
power laser pulses are used to ablate materials 
from their high density targets in vacuum. This 
ablation event produces a transient, highly 
luminous plasma plume that expands rapidly 
away from the target surface. The ablated material 
is condensed on a solid substrate resulting in the 
formation of quantum structures or the bulk like 
thin films depending upon the time and other 
conditions of deposition. The growth process may 
be supplemented by a passive or a reactive 
ambient and under optimal conditions of 
deposition, the ratio of the chemical composition 
of the target and the grown film can be the same. 
Despite its inherent problems of particulates and 
large area scaling, PLD has emerged as a popular 
choice for the growth of complex oxide materials 
mainly due to its extreme simplicity, congruent 
evaporation and ease in handling reactive oxygen.
Historical Background and Evolution of PLD
The efforts toward using Lasers in 
depositing thin films started soon after the 
invention of reliable high power lasers. Early 
observations of the ease with which the material 
could be vaporized by the intense interaction of 
high power laser pulses with material surface 
demonstrated that the intense laser radiation could 
be successfully used to deposit thin films of that 
material. In 1965 Turner and Smith [4] were the 
first to demonstrate deposition of thin films using 
high power Ruby laser. Although the work 
performed by them was mostly exploratory, it 
demonstrated the feasibility of thin film 
deposition using a pulsed laser. Scanty progress 
was noticed in this field until 1970 mainly due to 
non-availability of reliable short pulse laser with 
suitable peak power, wavelength and repetition 
rate, which resulted in the non-congruent 
evaporation of material and inferior material 
quality of the grown films using Pulsed Laser 
Deposition (PLD) specially as compared to those 
grown by other well established techniques such 
as Molecular Beam Epitaxy (MBE) and Metal 
Organic Chemical vapor Deposition (MOCVD) 
etc. With the advancement of laser technology 
during initial years of 1970 – 80 and development 
of Q-switched lasers to produce short duration 
pulses with high peak power the congruent 
evaporation of complex materials could be 
demonstrated successfully [5]. This was and still 
one of the major advantages of this technique. 
Another visible achievement in this sequence, 
which accelerated the PLD activity, was the 
availability of short wavelength lasers such as 
excimer lasers or conversion of IR wavelength 
through the process of second and third harmonic 
generation such as that from Nd:YAG lasers. The 
major outcome of a short wavelength laser was in 
the considerable reduction of micron sized 
particulates on the film surface which was a 
serious problem in the case of long wavelength 
laser due to large absorption depth of the laser 
light in the material. Subsequently the concept of 
laser deposition in presence of a reactive 
environment, established by Gapanov et al added 
further value to the methodology of PLD [6]. The 
gas phase reactivity was found to enhanced due to 
high kinetic energy of the ablated species which in 
3the range of ~1 – 10  eV [7]. Even today this is 
considered a unique feature of PLD. The advent of 
ultra-short pulse (femto-second) lasers has 
enabled new insights into the realm of PLD [8]. 
However the Ultra-short laser ablation physics is 
drastically different from that of conventional 
nanosecond laser ablation and a complete 
understanding of the processes involved is still to 
be emerged.
Realizing the importance of PLD for the 
growth of broad range of nanostructured materials 
Pulsed Laser Deposition of 
Semiconductors’ Nanostructures
10
for multitude of areas of science and technology, 
we have created PLD facility at our center during 
1998. One of our early goals was to be able to use 
this technique to grow structures of nanometer 
size with control on shape, dimensionality, size 
and size dispersion etc, which was rather an 
intricate problem. At the incipient stages of 
‘nanofabrication’ of structures, materials 
scientists were understandably apprehensive 
about the use of PLD for growing nanometer size 
structures primarily because of its inherent 
limitations of this technique i.e. particulate 
production and large average thermal energy of 
the plume resulting from laser ablation of the 
target material [1]. However, amongst other 
groups, we took this as an interesting scientific 
exercise to devise and evolve ways of growing 
nanostructures of deterministic characteristics 
using PLD. We have shown that despite its innate 
limitations there is an optimized regime of growth 
parameters in which this technique can indeed be 
applied for fabrication of high quality 
nanostructures.
Experimental Setup and Methodology
The PLD system developed at our laboratory 
is shown in Fig. 1. It consists of a commercial 
(Quantel make) Q-switched Nd:YAG laser 
capable of providing 6ns laser pulses at variable 
repetition rate up to10 Hz with energy per pulse up 
to 1.6 J in fundamental (1.06 µm), about 800 mJ in 
second harmonic (533 nm) and 450 mJ in third 
harmonic (355 nm). At these energies and pulse 
duration practically every known material on 
earth can be ablated to generate its plume. 
However for all practical purposes we use the 
third harmonic of this laser because at the shortest 
wavelength the absorption of the radiation is the 
highest and the plume is particulate free. In 
general when an intense laser beam is zapped on 
to the solid targets some part of it is lost due to 
reflection, scattering etc. and the rest is absorbed 
up to a certain depth into the target material, also 
known as absorption depth. The absorbed laser 
energy is spent in intense localized heating of the 
target resulting melting and/or vaporization of the 
surface of target material. Interaction of 
evaporated cloud with the incident laser beam 
results in cloud heating and plasma formation. 
Although the laser evaporation for the deposition 
of thin films occurs at much lower power 
densities, the plasma temperatures can be as high 
4 as ~10 K [1, 2]. This plasma cloud Expands in to 
vacuum or in an ambient atmosphere a very high 
5 6expansion velocity, of the order of 10 -10  cm/sec 
[7] and kinetic energy ~ 10-1000 eV.  The laser 
ablated plasma plume is allowed to condense on a 
substrate, which is mounted on an electrical 
heater to control its temperature during the 
deposition of the nanostructures. Since the laser 
ablation results in congruent evaporation, multi  
component materials can be deposited with nearly 
the same stoichiometry as in the target. Secondly, 
the rate of evaporation per pulse is so low that one 
can deposit a layer with control on thickness as 
fine as 0.1Å per pulse. 
This deposition process is carried out in two 
different growth chambers, which are first 
-6evacuated to a base pressure of 10  Torr in case of 
-9one chamber and 10  in the other one, using a 
turbomolecular pumps and can later be filled with 
flowing gaseous ambient required for different 
deposition conditions. The gaseous ambient may 
be required for example, for obtaining 
stoichiometric composition of the deposited 
structure or for supplying the species for doping 
purposes. Since laser beam can pass through a 
gaseous ambient, PLD works as good in the 
presence of a gaseous ambient as in vacuum. The 
growth chambers are provided with a number of 
Fig. 1 : Schematic of the pulsed laser 
deposition setup developed at RRCAT, Indore
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electrical feed-throughs for supplying electrical 
power to the substrate heater or for monitoring the 
substrate temperature online. After deposition of 
the nanostructured materials their properties of 
interest are studied using a cornucopia of 
characterization facilities like scanning probe 
techniques, X-ray techniques, photoelectron 
spectroscopy, Raman and magnetic techniques 
etc. mainly at other laboratories through 
collaboration.
Research Areas and Findings
During last about one decade we have 
pursued research on nanostructures of myriad of 
materials, the choice of which was swayed 
towards the relevance to the advanced 
technologies being pursued at our organization.  
In this article we present our recent research 
results and findings on semiconductor 
nanostructures suitable for UV-visible photonic 
devices. These material structures include 
multiple quantum wells of ZnO and quantum dots 
of ZnO and Si in multilayer fashion. The findings 
of our research in this field have been published in 
a number of papers in peer reviewed journals and 
in international conference proceedings. A 
glimpse of our research findings in pertinent area 
can be obtained from the representative sub-
domains, which are as follows:   
Composition of Laser Ablated ZnO Plume and 
Cluster Formation
Cluster physics is an important ramification 
of nanoscience. One of the mechanisms of the 
formation of clusters is the gas phase 
condensation and this occurs in the laser ablated 
plumes of the target materials also. We have 
studied the composition of nitrogen laser 
(wavelength: 337nm, pulse width: 3ns) driven 
ablation plumes from ZnO target at different 
fluences using a time-of-flight mass spectrometer 
(TOF-MS) [9] and found that the ablation plume 
contains very complex species ranging from 
atoms to clusters with a distribution, which is 
highly dependent on the laser fluence used. The 
mass spectra of ZnO plume in positive ion mode 
2 at two different fluences of ~100 and 1250 J/m is 
shown in Fig. (a, b). At low laser fluence of ~100 
2 J/m , as shown in Fig. (a), only atomic and 
diatomic Zn are present in the ablated plume. 
Most other signals in the low-mass range 
represent salt ions resulting from unintentional 
impurities present in the ZnO target. Cluster 
formation is not visible in the mass spectrum at 
this low fluence but molecular ZnO and Zn O can 2
be seen with low intensity. However the ZnO 
cluster formation enhanced significantly with 
increasing laser fluence. Fig. (b) shows this for a 
2fluence of 1250 J/m . This mass spectrum 
contains a complete series of (ZnO)  clusters up to n
sizes (n) ~ 20. For cluster sizes up to about 10, 
twin signals are identifiable, one peak 
corresponding to clusters of equal numbers of 
zinc and oxygen atoms, and an additional peak 
corresponding to clusters with an added zinc 
atom. The relative intensity of the latter species 
drops with cluster size. In addition, clusters with 
two additional zinc atoms are formed up to n = 3.  
Fig. 1 : Time-of-flight mass spectra of ZnO 
ablation plumes recorded in positive-ion mode 
-2 -2at fluences of (a) 100 J m  and (b) 1250 J m
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Besides its value for understanding the 
fundamental nature of the cluster formation, these 
studies have important implications for the PLD 
grown nanostructures. If at a laser fluence 
formation of stable clusters (with magic peaks) 
initiates, that fluence has to be excluded for the 
growth of the nanostructures free from such 
clusters.
ZnO Quantum Wells
Currently ZnO, with its direct band gap of 
about 3.3 eV at room temperature, is of immense 
interest for blue and ultra-violet (UV) photonic 
 devices such as light-emitting diodes, laser 
diodes, solar blind UV photodetectors, etc. Its 
large exciton binding energy of ~ 60 meV allows 
the excitonic transitions at room temperature. 
Besides this, ZnO is a well-known rugged and 
radiation hard material for oxygen gas sensors, 
 Surface Acoustic Wave devices, Varistors,
Resonant Tunneling Devices, transparent 
 conductors, and UV screens etc [10-12]. The 
evolution of next generation photonic devices and 
sensors etc. necessitates research on quantum 
structures of ZnO. Among other quantum 
structures the two dimensional quantum wells are 
of particular importance due to their fascinating 
size dependent physical properties such as large 
oscillator strength of optical transitions, enhanced 
excitonic binding energy, tunability of operating 
wavelength, very low threshold of lasing and 
quantum transport properties. We have grown 
high quality ZnO/MgZnO multiple quantum 
wells (MQWs) using pulsed laser deposition 
(PLD) on epi-polished (0001) sapphire substrates 
with r.m.s. surface roughness of ~ 0.3 nm. Third 
harmonic of a Q-switched Nd:YAG laser 
operating at 355 nm, 10 Hz with 6 ns pulse width 
2 was used at a fluence of ~ 0.6 J/cm to ablate 
alternatively the sintered pallets of ZnO and 
MgZnO used as targets in the PLD growth 
chamber. The MgZnO target consisted of calcined 
mixture of 10 mole % of high purity MgO and 
remaining ZnO. The growth chamber was 
-7initially evacuated to a base pressure of ~1x10  
Torr using a turbo-molecular pump and 
depositions were carried in high purity oxygen 
-5ambient at a partial pressure of ~ 1x10  Torr. The 
average growth rate at the aforesaid fluence was 
found to be ~ 0.1 nm/sec for ZnO and ~ 0.08 
nm/sec for MgZnO [13]. The Mg concentration in 
the PLD grown MgZnO films was found to be ~ 
34% using energy dispersive X-ray analysis 
(EDAX).  Prior to the growth of the MQWs a 50 
nm thick ZnO buffer layer was grown on the 
substrate at 750ºC. This buffer layer provided 
highly crystalline, relaxed and smooth surface of 
the ZnO template on sapphire for subsequent 
growth of the high quality MQWs at lower 
temperatures [14]. Ten periods of ZnO/MgZnO 
MQW structure were grown at 600ºC. The barrier 
layer thickness was kept constant at ~ 8 nm while 
the ZnO active layer thickness was varied from ~ 
4 to 1 nm to grow MQWs of different well layer 
thicknesses with in-plane size of about 5mm x 
5mm.
Optical absorption spectra, taken at room 
t e m p e r a t u r e  ( R T )  u s i n g  a  U V- V I S  
spectrophotometer, are shown in fig. 3. These 
spectra revealed an average transmission of ~80% 
in the visible region for all the MQW samples. The 
absorption spectra of ~200 nm thick films of ZnO 
and MgZnO show their band-edges at expected 
~3.3 and 4.1 eV respectively along with the 
conspicuous excitonic humps. Each absorption 
spectrum of the MQWs consists of three well 
resolved features. The broad shoulders at ~ 3.3 
and ~4.1 eV obviously correspond to the ZnO 
buffer layer and the MgZnO barrier layers 
respectively. It is noteworthy here that the 
constant position of the absorption edge 
corresponding to the barrier layers of MgZnO in 
all the MQW samples is indicative of negligibly 
small inter-diffusion of chemical species at the 
ZnO/MgZnO interfaces. The central peaks in 
these absorption spectra are found to correspond 
to the n=1 excitonic transition of the ZnO 
quantum wells. It can be seen that this peak 
undergoes monotonic blue-shift with decreasing 
well layer thickness from 4 nm to 1 nm as 
expected from the quantum confinement effects 
[15].
The photoluminescence (PL) studies of the 
MQWs were carried out in two separate 
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experiments. One study was carried out at our 
laboratory using the HeCd laser (wavelength: 325 
nm) as an excitation source for MQWs with well 
layer thickness up to 1.5 nm, the results of which 
are shown in fig. 4. This excitation source was not 
able to excite the MQWs of shorter well layer 
thicknesses because the quantum confinement 
shift in them pushed the band-gap to energies 
larger than the photon energy of the HeCd laser 
(about 3.8 eV). Therefore we used an ArF 
Excimer laser (wavelength: 193 nm) for the 
MQWs of shorter well layer thicknesses, the 
results of which are shown in fig. 4.   
Along the horizontal progression of the PL 
peaks in fig.4 it can be seen that as the well layer 
thickness was decreased from ~ 4 nm to 1.5 nm 
the PL peaks shifted from ~3.36 to 3.67 eV. It can 
also be seen in this figure that the width of the PL 
peaks increased monotonically with decreasing 
active layer thickness. This was attributed to the 
fluctuations in well layer thickness and 
dominance of the interface roughness in thinner 
wells. Along the vertical progression of the PL 
peaks in fig. 9 it can be observed that for a 
particular well layer thickness of 2.5 nm, as the 
temperature of the MQWs is increased, the PL 
peak not only broadens but it also shows a 
monotonic red shift. While the increase of the PL 
line width was attributed to the exciton scattering 
with the acoustic and LO phonons, the red shift 
was explained using Varshni’s empirical relation 
of the band gap shrinkage with increasing 
temperature [16]. The PL from ZnO MQWs of 
well layer thickness shorter than 1.5 nm was 
recorded by using 193 nm excitation source of 
ArF Excimer laser at 10 K  in conformity with the 
size dependent spectral shift [17]. The band-gaps 
of the MQWs of different well layer thicknesses 
obtained from these PL studies at 10K are shown 
in inset of fig. 4. To understand the observed 
functional dependence, we calculated the ZnO 
QW band gap at different well thicknesses by 
solving the time independent Schrödinger 
equat ion using square potent ial  wel l  
approximation [15]. The calculated values are 
shown by the dotted curve in fig. 4. One can see a 
reasonable agreement of the theoretical curve 
with the experimental values obtained from the 
PL data. Armed with this growth methodology 
and the band-gap data, one can deploy these ZnO 
MQWs for a host of device and research 
applications.
ZnO Quantum Dots
The evolution of next generation photonic 
devices and sensors etc. necessitates research on 
quantum dots of ZnO. Research on quantum dots 
(QDs) of ZnO is particularly interesting for the 
development of nano-regime sensors, catalytic 
and other chemical systems (for example ZnO 
QDs are known to remove arsenic from water) 
and photonic devices etc. We have grown 
Multilayer matrices of ZnO Quantum Dots (QDs) 
of different sizes in the range of ~ 2 to 4 nm 
embedded in alumina layers on optically polished 
sapphire substrates by using the same set-up as 
Fig. 3 : Optical absorption spectra of ZnO MQWs and 
200 nm thick films of ZnO and MgZnO at RT. The values 
in the parentheses show the respective band gaps in eV.
Fig. 4 : Photoluminescence peaks form ZnO 
MQWs for different well layer thickness and 
temperatures. Inset shows bandgap vs. well thickness.
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that for the growth of ZnO MQWs. The laser 
2fluence in this case was kept at ~ 4 J/cm  to ablate 
the sintered targets of Al O  and ZnO alternately. 2 3
The deposition was carried out in the oxygen 
"2ambient at a pressure of about 10  Torr and the 
substrate to target distance was kept at ~ 4 cm. 
Prior to the deposition of the ZnO QDs an ~ 10 nm 
base layer of alumina  was grown on the 
substrates. On this base layer were grown the 
randomly distributed QDs of ZnO by the 
condensation of the ablation plume through a 
mechanism, which is yet to be fully understood. 
This layer of the QDs was then capped with 
alumina.10-layer structure of ZnO QDs and 
alumina capping layer was grown by the alternate 
ablation of the respective targets. The capping 
layer of alumina was grown for 30 s in all the 
samples and the deposition time of the ZnO DQs 
layer in different samples was taken to be 3, 5, 7, 
10 and 15 s. We have investigated its structural 
and optical properties [18, 19] which are 
discussed below.
Fig. 5 shows the in-plane dark field 
Transmission Electron Microscope (TEM) and 
AFM micrographs of the ZnO QDs grown by 
PLD. Selective area diffraction pattern (also 
shown in fig. 6) was fitted with the theoretical 
values, which confirmed that these QDs were 
actually that of ZnO. From the TEM micrographs 
we calculated the mean size and size distribution 
of the QDs deposited at different times. From the 
optical absorption studies we calculated the band-
gaps of the QDs of different sizes. These 
experimental values of the band-gaps as a 
function of the mean QD radius are shown in 
fig.6. To explain these data we proposed two 
confinement domains. In the size domain where 
the dot size is smaller than the excitonic Bohr 
radius (calculated to be about 2.2 nm) it is 
plausible that the exciton may not exist and 
therefore holes and electrons will experience a 
strong confinement with a characteristic reduced 
mass and a coulombic interaction. Under this 
circumstance, the calculated values of the band-
gap [20] are shown by the ‘strong confinement’ 
curve in fig.6. On the other hand when the dot size 
is greater than the excitonic Bohr radius the 
excitons can exist and therefore the coulombic 
interaction term is replaced by the excitonic 
binding energy. The calculated values of the band-
gap in this case [21] are shown by the ‘weak 
confinement’ curve in fig. 6. Good fit of the 
theoretical curves with the experimental values is 
indicative of the efficacy of our model.
Silicon Quantum Dots
As we all know, Silicon (Si) is the mainstay 
material of the contemporary electronic industry. 
But because of its indirect band-gap, which under 
normal circumstances prevents light emission, 
applications of Si in photonic devices are limited. 
However the observation of strong luminescence 
in UV-Visible spectral range from Si 
nanoparticles makes them a promising option for 
photonic applications. Recent observation of 
Fig. 6 Variation of the band gap as a function of the mean 
quantum dot radius. Experimental data are shown by 
full circles with variation in the size by horizontal bars
Fig. 5 TEM micrograph of ZnO quantum dots (QDs). 
Upper left inset shows the AFM of these QDs and lower 
right inset shows the selective area diffraction pattern.
15
optical gain in Si nanoparticles embedded in SiO  2
matrix also opens up a possibility of adding Si 
based optically functional devices on the existing 
Si microelectronic circuits [22]. Consequently 
currently there is worldwide interest in growing Si 
nanoparticles and studying their characteristics. 
We have grown Si nanoparticles using a novel in-
house developed methodology of off-axis PLD 
[23]. This methodology was found to be very 
effective in preventing the deposition of micron 
size chunks amongst Si nanoparticles as observed 
in normal PLD [23]. A schematic of the off-axis 
PLD geometry is shown in the inset of fig. 7. 
Optical absorption spectra of the Si 
nanoparticles of different sizes, recorded at room 
temperature with a wavelength resolution of 2 nm 
in the spectral range of 200-1500nm and are 
shown in figure 13. The absorption spectrum of 
the reference sapphire and that of bulk Si were 
also recorded separately (also shown in fig. 13) to 
ensure that they did not have any absorption 
feature in the spectral range of interest. It can be 
clearly seen in Fig.13 that as the deposition time is 
decreasing, the band edge is shifted to the lower 
wavelength region. This can be attributed to the 
decreasing size of the Si particles (confirmed also 
from the TEM micrographs) and the resulting 
blue shift due to the quantum confinement effects. 
Albeit these Si nanoparticles had large size 
dispersion, we are currently evolving schemes to 
grow nanoparticles with extremely narrow size 
dispersion. Efforts are also underway to grow 
multi-layer matrix of Si nanoparticles embedded 
in SiO or other suitable host materials suitable as 2 
optical gain media.
Conclusions
In conclusion, we have used in house 
developed PLD setup to grow high quality 
semiconductor nanostructures. The efficient PL 
obtained from ZnO multiple quantum wells 
grown by us using highly optimized buffer 
assisted PLD methodology indicates that PLD 
can be used for the production of ZnO based 
photonic and transparent electronic devices.  PLD 
was also used to grow multilayer matrices of ZnO 
and Si quantum dots wherein size dependent blue 
shift was observed due to putative quantum 
confinement effect. Thus PLD is well suited for 
the growth of semiconductor nanostructures in 
controlled fashion. 
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Introduction
Results obtained during last years within 
several teams of the CNRS, France (www.cnrs.fr) 
allow proposing improvements in adhesion tests 
through the Laser Shock Adhesion Test (LASAT- 
www-lasat.clfa.fr). This generation of tests 
consists in controlling and evaluating the 
adhesion level of a coating on its substrate [1-3] 
(fig. 1), which, in the actual industrial landscape, 
promises to be successful [4].
In order to give birth to this process, a 
transdisciplinary consortium has been created, 
gathering public laboratories, such as the 
“Combustion and Detonics Laboratory” (LCD-
Poitiers, France), the “High Power Lasers 
Application Laboratory” (LALP, Arcueil, 
France), and the “Centre of Competences on 
Thermal Spray” of the Ecole des Mines de Paris 
(C2P, Evry, France). Private companies like 
Renault (Technocentre, Guyancourt, France), 
KME-tréfimétaux (Sérifontaine, France), Sulzer-
Metco (Whölen, Switzerland), APS-Pletech, 
(Marne la vallée, France) and the Commissariat à 
l’Energie Atomique (CEA, France) accompanied 
researchers along the LASAT project.
Since last decades, industry, in many fields, 
has expressed an increasing need of surface 
coating techniques for high added value devices 
or for production optimizations, like the use of 
thermal spraying in the automotive industry [5]. A 
good adhesion of the coating on its substrate is 
crucial for a sustainable use of devices involving 
coated parts like hips prosthesis, microelectronic 
chip architecture or car engine parts. Thus, in 
order to check the adhesion quality of a coating on 
its substrate, many adhesion tests were designed. 
However, solicitations involved in test might 
differ from one test to another, making difficult 
comparisons and interpretations of results. 
Besides, some tests involve intermediary parts & 
are not easily automatable, like the bond pull test.
The LASAT Process
In these last points, the LASAT project 
brings a suitable alternative. Indeed, it is a 
contactless technique based on laser use and thus, 
it is automatable. The concept relies on spallation 
phenomena under dynamic solicitation applied at 
the coating – substrate interface [6]. Spallation is a 
Laser Shock Adhesion Test (LASAT) : 
an Innovation Dedicated to Industry
Fig. 1 : Principle of LASAT 
(LASer Adhesion Test).
Fig. 2 : Spacetime diagram of wave propagation 
in a sample composed of a substrate and a coating. 
Figure 3 : Cross section of a sample composed of 100 µm thick Cr layer electrodeposited on a 100 µm thick copper substrate after LASAT test.
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crack within the material resulting from dynamic 
tensile stress. It is explained by the coincidence of 
two release waves during waves propagation, as it 
is the case for a dynamic loading on the substrate : 
a shock wave followed by a release wave 
propagate both towards the coating free surface, at 
the opposite of the impacted surface (fig. 2). 
When the shock wave reaches the coating free 
surface, it is reflected as a release wave towards 
the loaded surface and thus, crosses the incident 
release wave. This situation gives birth to a uni-
axial traction state noted n° 4 on figure 2. This 
traction state propagates within the sample and 
reaches the coating – substrate interface and, 
according to its intensity, may lead to an 
interfacial crack (fig. 3).
The tensile stress available at the coating - 
substrate interface depends on the shock loading. 
A power pulsed laser brings into play the incident 
energy for creating a shock. Indeed, the focused 
laser beam sublimates a thin part of the substrate, 
provoking the expansion of plasma. According to 
action-reaction principle, this plasma pushes in 
the direction of the target, creating a shock wave 
propagating  through the sample and which can be 
monitored. Experiments were led on laser 
facilities at “Laboratoire pour l’Utilisation des 
Lasers Intenses of the Ecole Polytechnique” 
(LULI, Palaiseau, France) with a laser source 
providing 100 joules in 3 nanosecondes, at LALP 
with 40 joules in 10 ns and at LCD with 20 joules 
in 20 ns, all at a wavelength  ?=1.06µm.
Another laser, a continuous one, is focused 
on the coating free surface as a Doppler 
interferometer probe, named VISAR [7] (Velocity 
Interferometer System for Any Reflectors). This 
device allows recording the coating free surface 
velocity during the experiment (fig. 4). These 
records give information not only about the shock 
* VISAR = Velocity Interferometer System for Any Reflector (Vélocimètrie Doppler) 
Fig. 4 : Scheme of the LASAT process.
Fig. 5 : a) after shock observation. b) Mesh with finite 
elements, c) Computed stresses along the roughness. 
The location of maximal stresses corresponds to the 
crack area.
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intensity but also about the interface integrity as 
an ultra fast diagnostic tool. A good agreement of 
this recorded signal with numerical simulation 
allows obtaining the stress history at the coating 
substrate interface and thus a practical adhesion 
work is deduced.
LASAT Extension Towards Industry
Despite of its efficiency in suitable materials 
[8, 9], laser adhesion tests meet some limitations 
for their implementation in industry, which can 
be, for example, the high cost of laser sources able 
to test thick samples, the lack of knowledge 
concerning the behavior of plasma sprayed 
coatings including porosity and roughness at the 
coating – substrate interface. Research was 
focused on three topics : the influence of the 
coating -substrate roughness, of the porosity, and 
alternatives solutions for thick samples. 
Influence of the Interfacial Roughness
LASAT process applied to plasma sprayed 
copper coatings on aluminium substrate allowed 
to discriminate adhesion level due to sample 
preparation [4]. In order to take into account the 
effects of the interfacial roughness on the tensile 
stress during the wave propagation, a regular 
interface roughness in “saw teeth” was prepared 
by milling. Post mortem observation shows that 
the crack is located near the head of the roughness 
on the longer side (fig. 5a). A 2D analytical 
approach performed with the code RADIOSS 
(www.mecalog-group.fr), revealed that computed 
tensile stresses along the roughness are composed 
of shear stress St (mode II) and normal stress Sn 
(mode I). The location of maximal stresses at the 
interface (fig. 5b,c) correspond to the location of 
the crack.
Modelisation of Porous Materials Under 
Dynamic Loading
The mechanical behavior of materials 
obtained by manufacturing processes, like 
sintering or thermal spraying, is affected by an 
inherent porosity. So, it is necessary to 
characterize the material behavior in order to 
extend LASAT from a simple quality test to a 
quantitative measurement of the traction 
provoking the delamination. Works performed on 
sintered steel Distaloy AE and thermal sprayed 
copper have lead to a an analytical and 
macroscopic P(a)-like model, named toboggan, 
describing the residual compaction during the 
shock compression. This model implemented in 
the hydrodynamic lagrangian code SHYLAC of 
LCD is able to give a good agreement with 
experimental signal, compared with previous 
polynomial model [10, 11] with and without 
considering porosity (fig. 6).
LASAT for Thicker Samples 
In the LASAT classical version, shock is 
applied on the substrate (fig. 1). Limitation to sub-
millimetric systems due to attenuation of brief 
shocks in thick samples (>1 mm) raised a major 
obstacle to the industrial development for the 
LASAT process. In order to extend LASAT to 
thicker samples, several alternatives were 
prospected. Among these, an alternative 
configuration consisting in applying the shock on 
the coating side lead to good results, making the 
test independent of the substrate thickness. But 
this solution appeared efficient only in the case 
when the shock impedance of the coating is much 
lower than the one of the substrate (fig. 7a). Then, 
the use of an intermediate low impedance material 
on the loaded face provides a good amplification 
Fig. 6 : plasma sprayed copper modelisation under 
dynamic loading : in full red line, experimental signal 
from VISAR, in grey dashed line, simulation 
considering massive copper, in full grey line simulation 
with previous polynomial model, in full black line, 
toboggan model.
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of stresses at the interface but do not prevent from 
the attenuation [12] (fig. 7b). Finally, the use of 
the plate impact technique allows extending the 
LASAT process to thicker target (fig. 7c) [13].
An analytical study of this last method 
allowed determining a suitable projectile 
(thickness, nature, incident energy) for a given 
sample [14].
The  exper imen ta l  s tudy  a l lowed  
characterising impact velocities for aluminium 
and copper projectiles between 25 and 500 µm 
thick, able to reach respectively 2000 m/s and 250 
m/s. Pictures from streak camera showed that the 
impact planarity was enhanced by using diffusing 
lens on the pulsed laser path.
Finally the plate impact technique allowed 
delaminating 200 µm thick plasma sprayed 
copper on 3 mm thick aluminium substrate [13].
Thus, this new method appears like  a key 
solution for the development of the LASAT 
process towards thicker industrial systems. 
Conclusion
Work performed on experimental setup, 
analytical modelisation and numerical simulation 
allows extending the LASAT process to a larger 
range of industrial samples for a qualitative study 
as well as for a quantitative stress measurement.
In order to evaluate the LASAT process 
among other adhesion test, a comparative study 
has been performed [15].
Although the LASAT process is able to test 
thicker samples, work is focused now for adapting 
it to thin film sample. This would be possible by 
using pulsed laser with short pulse (some 
picosecondes). This adaptation would provide a 
relevant tool to micro and nano-technologies.
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Introduction
Lasers have come a long way since their 
invention 50 years back to emerge as a powerful 
engineering tool for a variety of industrial 
applications.  Today, it is one of the most intense 
energy sources available to industry.  Because of 
its directional nature, lasers are capable of 
delivering energy at the desired location without 
inducing significant heat effects into the material.  
Laser material processing (LMP) applications 
range from fine profile cutting, thin and thick 
section welding, surface treatments for enhanced 
resistance against corrosion, wear and fatigue to 
rapid manufacturing and micro-fabrication.  With 
the development of highly automated 
workstations with lasers, which cost less and are 
powerful, reliable and compact, laser material 
processing (LMP) is set to become an important 
part of modern industry.  Easy transportability of 
laser through fine and flexible fiber optics makes 
it an ideal tool for processing in hostile 
environments.  Today, CO  and Nd:YAG lasers 2
remain the most effective and durable lasers for 
material processing, although recent years have 
witnessed increasing acceptance of high power 
fiber and compact diode lasers.  Forthcoming part 
of the paper describes a few important laser 
material-processing studies performed in authors’ 
laboratory. 
Laser Cutting 
Laser Cutting of Titanium Sheet
Titanium finds extensive use in vacuum, 
aerospace and medical applications. Titanium 
sheet cutting is one of the primary requirements 
for fabrication of many engineering components.  
A finely focused laser beam (LB) is an efficient 
non-contact tool for profile metal sheet cutting.  
The process involves laser-assisted melting 
followed by melt ejection with a pressurized assist 
gas.  In view of its high reactivity of titanium, 
laser cutting of titanium and its alloys needs to 
carried out with an inert gas.  However, inefficient 
melt ejection of viscous titanium melt during laser 
cutting leaves considerable dross at the bottom of 
cut edges.  Presence of hot dross on the cut edge 
significantly slows down cooling of the cut edges 
thus leading to its reaction with atmospheric 
gases.  An extensive study of dynamic behavior of 
melt ejection phenomenon in titanium sheet 
cutting was performed in author’s laboratory to 
obtain dross-free profile laser cutting. Laser 
cutting performed with high frequency and low 
duty cycle in pulse modulated mode yielded 
cutting free of dross and heat affected zone 
(HAZ).  Due to high heat convection and shear 
stress provided by helium, laser cuts made with 
helium produced narrower HAZ and smaller 
dross as compared to those obtained with argon.  
Figure 1 presents laser-cut surface and profile-cut 
1 mm thick sheet, processed at optimized 
1parameters.   
Laser Welding
End Plug Laser Welding of PFBR Fuel Pin
End plug welding of the fuel pin of 500 MWe 
Prototype Fast Breeder Reactor (PFBR) involves 
dissimilar joining of alloy D9 (Ti-modified fully 
15Cr-15Ni-2 Mo austenitic stainless steel (SS)) 
clad tube and end plug made of type 316M SS 
(Fig. 2).  Pulsed Gas Tungsten Arc Welding 
(GTAW) process has been qualified and adopted 
Material Processing with Laser
Fig.1: Magnified view of laser-cut surface 
and laser profile cut titanium sheet.
Fig.2:  Details of end plug weld (left) 
and cross-section of sound weld (right).
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2for fuel pin fabrication .  Use of laser for end plug 
welding would involve simplified glove box 
operation obviating electrode replacement, arc 
gap adjustment besides eliminating active wastes 
in the form of used electrodes. 
A major challenge associated with end plug 
welding was to suppress solidification cracking in 
the weld metal (WM).  Alloy D9 weld, due its low 
Cr /Ni  ratio (H” 1), solidifies with crack-prone eq eq
3primary austenite mode.   Rapid cooling imposed 
by LW, which is known to shift primary mode of 
solidification from ferrite to austenite side, further 
4enhances cracking susceptibility.   Initial welding 
experiments with 150 W average power pulsed 
Nd:YAG laser produced extensive solidification 
cracking in the WM. Change in welding 
parameters failed to suppress weld cracking.  In 
order to control cooling rate associated with LW, 
next set of experiments was carried out with 
continuous wave (CW) CO  laser.  This helped in 2
significantly reducing the extent of cracking.  
However, some centerline cracks were still 
noticed in some of the laser welds.  For complete 
elimination of weld cracking, next set of 
experiments was conducted with the objective to 
control chemical composition of the WM to 
obtain higher Cr /Ni ratio.  This was achieved by eq eq 
welding with increased heat input and 
preferentially displaced focused LB towards end 
plug side to extract greater dilution of WM from 
end plug.  This resulted in greater volume fraction 
of WM solidifying with crack-resistant primary 
ferrite mode.  Finally crater and associated 
defects appearing at the termination site of LW, 
were eliminated by welding with suitable laser 
5power ramping.   The resultant welds passed 
helium leak test and X-radiography.  Figure 2 
presents cross-section of a sound end plug laser 
weld.
Laser Surface Treatment
Laser Hard Facing Suppresses Dilution in 
Colmonoy Deposit on Austenitic Stainless Steel
Nickel-base alloys, “Colmonoy”, are 
selected as hard facing material for many 
6austenitic SS components in 500 MWe PFBR.   
Hard-facing is intended to impart enhanced 
galling resistance to the mating SS surfaces and to 
avoid self-welding in flowing sodium 
environment at a temperature of about 823 K.  A 
major problem involving Colmonoy hardfacing 
of SS components is the degree of dilution.  Due 
to large difference in the melting temperatures of 
Colmonoy and SS, Colmonoy deposits pick up 
large dilution from SS substrate.  It is reported 
that in Colmonoy 6 deposit on type 316LN SS, 
made by GTAW, extensive dilution from the 
substrate significantly influence microstructure 
7and hardness up to a deposit thickness of 2.5 mm.   
For overcoming adverse effects of dilution, it is 
essential to increase post-machined thickness 
Colmonoy deposit, which not only adds to the 
fabrication cost but also causes greater distortion 
of the component.   
Low heat input characteristics of laser 
cladding process have been effectively exploited 
to suppress dilution in Colmonoy 6 deposits on 
type 316L SS substrate.  Very low degree of 
dilution was achieved in laser-deposited 
Colmonoy by carefully controlling process 
parameters.  Figure 3 compares hardness profiles 
across the cross-sections of Colmonoy 6 hard-
faced SS specimens made by GTAW and laser.  
Crack-free Colmonoy 6 deposits were obtained 
by keeping the specimens undergoing hard facing 
in a specially made sand bath maintained at 673 K 
and leaving the hard-faced specimens buried 
8under sand for about 15 minutes.   
Laser-assisted Graded Hard Facing of Stellite 6
Hard facing by Co-base alloys “Stellite” is 
extensively employed in many engineering 
applications for enhanced high temperature wear, 
oxidation and corrosion resistance.  In Fast 
Fig.3 : Comparison of hardness profiles 
across transverse cross-sections of Colmonoy 
deposits made by GTAW and laser.  
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Breeder Test Reactor (FBTR), there are many 
applications of Stellite overlay on austenitic SS 
for enhanced galling resistance at elevated 
9temperatures of about 823 K.   Large difference in 
coefficients of thermal expansion between 
austenitic SS and Stellite often causes cracking of 
hard-faced SS components. Cracking resistance 
of Stellite6 clad SS components can be enhanced 
by providing smooth transition in chemical 
composition across substrate/clad interface.  
The process of laser cladding has been 
employed to deposit 3 and 4-layered graded 
Stellite6 overlays on SS.  In sharp contrast to 
abrupt transition in chemical composition and 
micro-hardness across substrate/clad interface of 
directly hardfaced SS specimens, graded Stellte 
deposits exhibited gradual build up of chemical 
composition and micro-hardness across 
substrate/clad interface.  Both composition and 
micro-hardness measurements on graded deposits 
exhibited stepped profiles, with each step 
coinciding with the interface between successive 
graded layers, as shown in Figs. 4 and 5.  Graded 
overlaid specimens demonstrated higher cracking 
resistance under thermal cycling conditions than 
10directly overlaid specimens.
Laser Surface Treatment Enhances Inter-
granular Corrosion (IGC) Resistance of Type 
304 Stainless Steel 
Austenitic stainless steels, in spite of their 
good general corrosion resistance, strength and 
formability, are particularly prone to localized 
corrosion like crevice, pitting, inter-granular 
corrosion (IGC) and stress corrosion cracking 
(SCC). In nuclear fuel reprocessing, waste 
management industries and in many chemical 
industries, using nitric acid as the process fluid, 
11the main corrosion problem is IGC.  The basic 
cause of IGC is sensitization, which arises from 
inter-granular precipitation of Cr-rich carbides 
M C during exposure to the temperature regime 23 6 
of 773-1073 K. Inter-granular carbide 
precipitation results in the development of Cr-
depleted zones adjacent to grain boundaries.  Cr-
depleted, zones, being anodic with respect to 
grain interior, are preferentially attacked in the 
12corrosive environment leading to IGC.   
A laser surface melting (LSM) treatment has 
been developed for type 304 SS to induce 
significant increase in its resistance against 
sensitization and IGC during subsequent 
exposure to susceptible temperature regime.  
Figure 6 compares exposed surfaces of untreated 
base metal and laser treated specimens after 
undergoing ASTM A262 practice B test.  Degree 
of Sensitization (DOS) of laser surface melted 
specimens remained largely unaffected by 
exposure to severe sensitization heat treatment. In 
the best conditions, laser melted surface, even 
after undergoing severe sensitization heat 
treatment at 923 K for 9 hours, exhibited 
comparable or even lower DOS than the base 
metal in as-received condition (Table-1).  Figure 
7 compares Double-loop Electro-potentio Kinetic 
Reactivation (DL-EPR) plots of base metal and 
laser melted specimens after undergoing 9-hour 
long sensitization heat treatment at 923 K.  
Enhanced resistance against sensitization of laser-
treated surface is attributed to its duplex 
microstructure (austenite + d-ferrite) and higher 
fraction of low angle grain boundaries.  The 
message of the investigation is that LSM 
Fig.4 : Comparison of concentrations profiles 
of Fe, Co and Cr across transverse cross-
sections of graded and direct Stellite6 
deposited austenitic stainless steel specimens.
Fig.5 : Comparison of micro-hardness profiles across 
transverse cross-sections of graded and direct Stellite6 
deposited austenitic stainless steel specimens.
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treatment of unstabilized austenitic SS brings 
about significant reduction in its risk of 
sensitization and IGC during subsequent 
13exposure to susceptible temperature regime.   
Laser Rapid Manufacturing
Laser Rapid Manufacturing (LRM) 
represents a new class of additive manufacturing 
technology, which starts from electronic design 
and builds up dense 3D prototype/functional 
components in a layer-by-layer fashion.  The 
process, an extension of laser cladding, involves 
direct deposition of metal powder according to 3D 
computer-aided design data.  The process brings 
about significant reduction in product 
development time and is fast emerging as a 
promising manufacturing technology for low 
volume fabrications, esp. for expensive alloys.  
Laser Rapid Manufacturing of Colmonoy-6 
Bushes
Colmonoy bushes are used in Diverse Safety 
Rod Subassembly of PFBR. At present, 
methodology adopted for low volume fabrication 
of these bushes involve weld deposition of 
Colmonoy on austenitic SS rods followed by 
14 precision machining. However, the process is not 
only cumbersome and time consuming but also 
results in significant loss of expensive alloy. LRM 
presents an alternative route to fabricate 
Colmonoy bushes. LRM of Colmonoy bushes 
was carried out by using 10 kW CW CO  laser, 2
integrated with a co-axial powder feeder and 3-
axis CNC workstation.  In order to suppress 
cracking during laser deposition, processing was 
performed in a sand bath maintained at 673 K 
followed by controlled cooling.  LRM-fabricated 
bushes were subsequently machined using Cubic 
Boron Nitride (CBN) tools to achieve desired 
dimensional tolerance of H7/H6 grade and a 
15surface finish of 0.4 mm.   Figure 8 shows 
different stages of LRM of Colmonoy bush.  
Laser Rapid Manufacturing of Bimetallic 
Bushes
An important attribute of LRM is its ability 
to form engineered multi-material components.  
The process has been efficiently exploited to build 
up small bi-metallic tubular bushes with Co-
based Stellite21 on ID and austenitic SS (316L) 
on OD.  As-fabricated tubular component 
exhibited transition in chemical composition and 
micro-hardness across its wall thickness (Fig. 9).  
In addition, an austenitic SS tubular component 
has also been fabricated with a 2 mm thick step of 
16Stellite 21 on its internal surface (Fig. 10).   
These kinds of bi-metallic structures may find 
application demanding uniform/selective internal 
Table 1: Effect of heat treatment on DOS of 
Base metal & Laser Surface Melted Specimens
Specimen Without heat After heat 
treatment treatment
Base metal 0.36 4.52 
Laser surface melted 0.09 0.107 
0.24 0.327 
Fig.6: Transverse cross-sections of heat-treated (923 K 
for 9 hours) base metal and laser surface melted 
specimens after undergoing ASTM A 262 Practice B test.
Fig.7: Comparison of DL-EPR plots of 
heat treated (923 K for 9 hours) base metal 
and laser surface melted specimens.
Fig.8: Different stages of laser rapid 
manufacturing of Colmonoy 6 bushes.
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lining on a tubular component for enhanced 
tribological performance.
Concrete Processing
In many instances, contamination in 
concrete structures of a radioactive facility is 
confined to a few mm thick surface layer.  Hence, 
removal of a thin contaminated layer would 
greatly reduce the level of associated 
contamination.  Laser provides an efficient non-
contact tool to effect surface decontamination 
while minimizing secondary wastes to be 
disposed off.  
Laser-assisted concrete processing study 
carried out in authors’ laboratory demonstrated 
that different mechanisms of material removal 
operate under different regimes of laser 
irradiation parameters.  Scanning concrete 
2surface with a LB of about 150 W/cm  power 
density at a rate of 2-7 mm/s, resulted in spalling 
of thin surface layer without causing melting.  
Upto 5 mm thick surface layers were removed in a 
single scan.  On the other hand, laser irradiation 
2with power density above 300 W/cm  and at a scan 
rate less than 5 mm/s caused formation of glassy 
surface, which could be easily removed with a 
suitable mechanical scrapper.  A hybrid process 
involving laser-assisted glazing followed by 
mechanical scrapping has achieved cutting of 6" 
thick concrete block.  Drilling of 6" thick concrete 
block and 3" thick refractory bricks were carried 
2out at an average power density of 1.2-3 kW/cm .  
Maximum drilling efficiency was achieved when 
block surface was tilted by about 20° with respect 
to the vertical direction while LB was normal to 
the surface.  Figure 11 presents photographs of 
17laser-processed concrete blocks.
Connclusion
Laser processing studies presented above 
demonstrate unique capability of laser to deliver 
improved characteristics of the processed 
product, which are often difficult to obtain with 
conventional processing routes.  New emphasis 
in laser material processing is to integrate laser 
with conventional sources to make the resultant 
hybrid process more cost effective, capable and 
versatile.  Other emerging fields of laser 
applications with vast industrial applications 
include shock peening for enhancing life of 
engineering components operating under fatigue 
and stress corrosion cracking, rapid technologies 
for fabricating functional components with 
tailored characteristics and micro-fabrication.  
With the availability of commercial ultra-short 
lasers in the market, extensive efforts are 
underway to exploit their unique characteristics 
for non-thermal processing.  On the whole, lasers 
are poised to play an important role in the 
industrial sector.
 
Fig. 9 : Bimetallic bush and associated 
chemical composition and micro-
hardness profile across its wall thickness.
Fig. 10 : Laser rapid manufactured 
austenitic stainless steel tube with an internal 
step of Stellite 21 (marked with arrow).
Fig.11: Laser processed concrete blocks.
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Spectroscopic investigations have played a 
vital role in the development of conventional 
lasers, light-emitting diodes and detectors where 
Lasers are an important tool to investigate the 
optoelectronic properties of semiconductor bulk 
and quantum structures. These are often used to 
evaluate the optical quality of semiconductor 
materials by performing photoluminescence (PL) 
1measurements.  This technique for material 
characterization has achieved significant success 
and popularity due to its simplicity. PL signal 
from an epitaxial layer is directly related to its 
optical quality which is a crucial parameter if one 
wants to make the light emitting devices. In PL 
spectroscopy, an intense pump beam (usually a 
laser) of photon energy greater than the band gap 
of semiconductor sample is used to generate 
electrons and holes in it. The electron(hole) 
population quickly relaxes to the bottom(top) of 
the conduction band(valance band). The various 
possible downward electron transitions are 
labeled as 1) band-to-acceptor, 2) band-to-donor, 
3) donor-to-acceptor, 4) acceptor-to-band, and 5) 
band-to-band. Depending on the measurement 
conditions and the sample to be investigated, it is 
possible to observe a PL transition corresponding 
to any of the above-mentioned mechanisms. The 
transition energy corresponding to these 
processes carries useful information which can be 
related to the band gap of sample under 
investigation. PL spectroscopy is useful in 
quantifying, (a) optical emission efficiencies, (b) 
composition of the material (i.e. alloy 
composition), (c) impurity content and (d) 
quantum size effect, if any. Time-resolved PL 
spectroscopy provides information about the 
recombination kinetics, surface recombination 
and transport dynamics. Spatially-resolved PL 
spec t roscopy  i s  sens i t ive  to  sample  
inhomogeneities and transport. The main strength 
of the PL spectroscopy technique lies in its 
sensitivity to detect very weak signal due to 
relatively high signal to noise ratio. It is the high 
brightness of lasers which enables the PL 
measu remen t s  o f  even  poo r  qua l i t y  
semiconductor samples which is not often 
possible in conventional spectrofluorometers. It 
provides a direct measure of the optical quality of 
s a m p l e s  a n d  t h e  s a m p l e  u n i f o r m i t y  
(compositional as well as spatial) for epitaxial 
layers. Its main limitation is a weak or no PL 
signal for indirect band gap materials. It provides 
normally the lowest excited state information for 
quantum structures and requires low temperatures 
to suppress the luminescence from defects in case 
of low quality samples. Figure 1 shows the 
schematic diagram of the experimental setup in 
our laboratory. Several lasers like He-Cd laser 
(325nm), DPSS laser (532nm), Diode laser (660 
and 810nm) are used as the excitation source 
depending upon the band gap of semiconductor 
material under investigation.
Although, photoluminescence (PL) seems 
to be the easiest and appropriate technique to 
investigate quantum well (QW) structures, it is 
sometime observed that no detectable PL signal is 
obtained for the QW samples. This may happen 
for several reasons such as an absorbing cap layer, 
separation of electron and holes under built-in 
electric field, defects or dislocation in the QW 
2,3layer etc.  Moreover, the capabilities of PL 
technique are usually limited to the determination 
4of ground state in QW structures.  However, it is 
extremely important to measure the position of all 
eigen states of carriers in a QW structure. Once 
such information is available, it should be 
possible to design an appropriate laser structure 
which could enable significantly improved device 
characteristics. This information is normally 
obtained by employing complementary 
spectroscopic techniques l ike surface 
5 6photovoltage  or photoreflectance (PR)  
Applications of Lasers in the Spectroscopic Characterization 
of Semiconductor Bulk and Quantum Structures
Fig. 1 Schematic diagram of the experimental setup for 
photoluminescence (PL) spectroscopy. S, L, F, C, MC1 
and PD are the sample, lenses, long pass filter, 
chopper, monochromator and photodiode respectively.
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spectroscopy  where one essentially measures the 
absorption spectrum of semiconductor samples. 
PR is a modulation spectroscopy technique 
that yields sharp spectral features which helps in 
the accurate determination of the material 
4,6parameters.  In PR experiments, a tunable probe 
light is used in addition to an intense pump beam 
(a laser) to modulate the sample’s dielectric 
function. The change in reflectivity due to light 
modulation in PR measurement is normally very 
small and the detection techniques with high 
signal-to-noise ratio are required. Although, PR 
measurements on semiconductor samples have 
7been reported using white light sources  yet the 
high brightness of lasers is a key factor in deciding 
the analytical power of PR measurements. The 
signal recorded by the photodiode has two 
components, a weak a.c. component I DR in phase o
with the periodic modulation, where I  represents o
the incident intensity on the sample, and a strong 
d.c. component I R. Dividing these two signals o
one could get the desired DR/R spectrum. The 
pump beam (usually a laser) intensity is 2 to 3 
orders of magnitude higher than the probe beam. 
In PR measurements, the pump beam’s photon 
energy is chosen such that it is higher than the 
sample’s band gap and therefore is absorbed by 
the sample. At the surface of a semiconductor 
there exist broken bond, which are the primary 
source of the surface states associated with its 
electronic band structure. These surface states 
capture the free carriers near the surface so that the 
Fermi level is pinned to some value at the surface 
and which in turn gives rise to a surface electric 
field. When the pump beam falls on the sample 
surface, the carriers are generated due to the 
absorption of the pump beam photons. These 
photo-generated carriers are separated by the 
surface electric field. Thus the periodic switching 
on and off of the pump beam periodically changes 
the surface electric field. This change in the 
surface electric field modulates the reflectivity of 
the sample, which forms the basis of the photo-
reflectance signal. The schematic diagram for the 
experimental arrangement of PR spectroscopy 
setup in our laboratory is shown in Fig. 2. Similar 
to PL measurements, one of the available lasers is 
used as the excitation source depending upon the 
band gap of semiconductor material under 
investigation.
The main advantages of PR spectroscopy 
technique are that it is very sensitive to the quality 
of sample and the information related to the 
absorption features of samples can be obtained 
with enhanced sensitivity as compared to 
traditional PL or transmission spectroscopy. It is 
even possible to record the absorption spectrum of 
an ultra thin (lesser than 0.5 nm thick) InAs/GaAs 
single QW including the signature of GaAs 
4,8barrier layer.  The main limitations of PR are that 
it is very sensitive to the ambient/surface 
conditions and mechanical vibrations and the 
measurements are normally difficult to perform.
F i g u r e  3  s h o w s  a n  e x a m p l e  o f  
complementary PL, Absorption (Abs) and PR 
spectra of InGaAs/GaAs QW recorded at room 
temperature. As obvious, there is no signature of 
QW seen in the Abs spectrum due to a limited 
absorption in the quantum well layer. The sharp 
rise near 900nm is related to the bandgap of GaAs 
barrier layer. PL spectroscopy, on the other hand, 
provides a strong feature at about 1100nm which 
could be related to the ground state transition of 
InGaAs QW. There is some asymmetry on the 
shorter wavelength side of main PL feature which 
could be assigned as a signature of an excited state 
in QW. These two features are also seen in the PR 
spectrum which further shows two more features 
at about 970 and 1000 nm respectively. These 
features can also be related to the excited states of 
InGaAs QW. Hence, PR technique provides 
useful information about the ground and excited 
state features of QW structures at room 
temperature.
Like QW, PL is the most commonly used 
technique for the investigation of quantum dot 
(QD) structures. However, it is often seen that one 
doesn’t get a measurable PL signal from QD 
Fig. 2 Schematic diagram of the experimental setup 
for photo-reflectance (PR) spectroscopy. S, L, F, M, C, 
MC1, QTH and PD are the sample, lenses, long pass 
filter, mirror, chopper, monochromator, quartz 
tungsten halogen lamp and photodiode respectively.
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structures grown using Stranski-Krastnov (SK) 
procedures. It is not even possible to detect all the 
electronic transitions in PL measurements 
because several of these might have poor radiative 
efficiencies. It becomes therefore essential to look 
for complementary spectroscopic techniques like 
PR, where one measures the absorption spectrum 
of quantum dots. Figure 4 shows an example of 
complementary PL and PR spectroscopic 
measurements performed on InAs/InGaAs/InP 
QDs at 150K. Fig. 4(a) shows the PL spectrum, 
fitted with two Gaussian peaks representing two 
electronic transitions associated with the InAs 
QD structures.  These two transitions are also 
related to the two lowest-energy features seen in 
the corresponding PR spectrum, as shown 
schematically in Fig.4 (b) by the two vertical 
dotted lines at ~2.04mm and ~2.13mm. There are 
several further features seen in the PR spectrum, 
as seen on the shorter wavelength side, near 
~1.86mm and ~1.93mm, which could be related to 
the InAs/InGaAs/InP QD structure. The sharp 
feature at ~1.86mm is assigned to the bandgap 
features of strained InGaAs barrier in QD 
structure where as the feature at ~1.93mm is 
related to some excited state of the QD sample. 
In conclusion, it is evident that Lasers play 
an important role in the spectroscopic 
characterization of QW and QD structures where 
the transition energies of ground and excited 
states of quantum structures along with the barrier 
layer can be accurately measured. It is the high 
brightness of lasers which enables the successful 
measurement of absorption spectra for ultra thin 
InAs QW and InAs QDs which cannot be even 
realized by the conventional transmission 
technique.
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Fig. 3 PL, PR and Absorption spectra 
of an InGaAs/GaAs quantum well
Fig. 4 (a) PL, and (b) PR spectra 
of InAs/InGaAs/InP quantum dots.  
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Raman spectroscopy got a huge boost with 
the invention of Lasers. Typically Raman 
scattering process, which is a second order inelastic 
-7scattering process, is 10  times weaker compared 
to Rayleigh scattering process, which is a elastic 
scattering process and hence a strong source of 
light is required in order to acquire good Raman 
spectra with high signal to noise ratio in short 
duration. This requirement is very well fullfilled by 
the lasers besides its added advantage of linear 
polarization that makes polarization analysis of the 
Raman spectra easier. A spectra collected by 
Raman in 3 to 4 hours during his discovery can be 
collected in few seconds due to utilization of lasers 
as a source and improved spectrometers and 
detectors. At UGC-DAE Consortium for Scientific 
Research, Indore we have a micro-Raman 
spectrometer equipped with an Argon laser (488 
nm) and a He-Ne laser (632.8 nm) as a source, a 
dispersive spectrometer and a CCD detector. This 
equipment gives versatility and fast data 
acquisition which helps in catering large number of 
university and institutional users across the 
country. In this article few examples are given to 
illustrate the work carried out at our laboratory:
Broken Symmetry in LaAlO  Single Crystal 3
Probed by Resonant Raman Spectroscopy 
We have investigated the temperature 
dependence of the optical modes in a high-quality 
LaAlO  crystal by means of resonant micro-Raman 3
spectroscopy. For temperatures other than room 
temperature the spectra for 488 nm excitation 
wavelength exhibit an extra mode besides the A  1g
soft mode (Shown by an arrow in the figure 1(b); 
the behaviour was different from that of a single A  1g
band observed for the 632.8 nm excitation 
wavelength. Three other weak bands previously 
called as ghost bands were also observed. The 
observation of extra Raman bands is attributed to 
the local breakdown of symmetry. A space group 
R3c/ R for the compound is proposed at room 
temperature in the place of Rc. It is shown that 
either of these space groups explains the Raman 
spectra more comprehensively. We argue that the 
observation of extra mode can be due to resonance 
effects that made it possible to probe the small 
deviation of local symmetry. [V.G. Sathe, J. Phys.: 
Condens. Matter FTC 19 (2007) 382201]
Spin-Phonon Coupling in RMnO  Epitaxial 3
Thin Films by Raman Spectroscopy
Epitaxial thin films of RMnO  compounds (R 3
= La, Nd, Pr, Y) have been prepared by Pulsed 
Laser deposition system on different substrates like 
LaAlO , SrTiO .  Raman spectra in the range of 100 3 3
-1– 750 cm  were collected at various temperatures 
from room temperature down to 85 K for RMnO  3
films with varied thickness. The Raman spectra 
resembled to that of RMnO  single crystals with 3
comparatively broader Raman bands. A 
representative Raman measurement as a function 
of temperature is shown below for LaMnO  film 3
deposited on LaAlO is shown in figure 2.3 
Raman Characterization of Materials
Fig. 1 (a,b): The Raman spectra recorded on single 
crystal LaAlO  at room temperature (300 K) and 3
100 K with (a) 632.8 nm excitation source (b) with 
488 nm excitation source. The down (Red) arrow in 
(b) depicts the extra mode observed at 100 K.
Fig. 2: Evolution of Raman spectra for 
LaMnO3 film with decreasing temperature
32
The Raman band position and width of the 
B2g mode as a function of temperature is plotted in 
figure 3 (a,b). The dashed line in the figure 
represents magnetic ordering temperature. 
Anomalous softening of the B  mode (Jahn-Teller 2g
distortion activated) was observed for all the films 
below magnetic ordering temperature. A signature 
of lattice anomalies in the form of changes in line 
width of B mode correlated with the magnetic 2g 
ordering temperature was also seen. The results 
were interpreted by considering strong spin-
phonon coupling and reduction in Jahn-Teller 
distortion driven polarons due to magnetic order. 
[J. Phys.: Condens. Matter 19 (2007) 346232]
Characterization of Nanoparticle Samples
The first order Raman spectrum provides a 
fast and convenient method to determine weather a 
material is in crystalline, nano-crystalline or 
amorphous form. The conservation of phonon 
momentum q in crystalline form gives only (q=0) 
optical phonon as Raman active with a natural line 
width. On the other hand for nano particles the q=0 
selection rule is slightly relaxed and Raman bands 
are broad and red shifted. In case of amorphous 
solids the selection rule is completely relaxed and 
all the optical phonon modes are Raman allowed 
and the Raman spectra reflects the density of 
phonon states with broad humps in the spectra 
instead of sharp lines. Thus higher red shift and 
broadening will be observed for smaller particle 
size. It is observed that Raman spectra is more 
useful in determination of particle size distribution 
rather than determination of exact particle size. 
Figure 4 shows such an example of Raman spectra 
of nano particles of different size distributions 
existing with normal size particles of silicon. 
Resosnant Raman Spectra of CdS 
Nanoparticles
Resonant Raman spectroscopy is a very 
powerful tool to investigate the nano-particles in 
semiconductors like CdS. The figure 5 below 
shows one such study using both 488 nm (upper 
Red curve) and 632.8 nm (lower blue curve) 
excitation laser source. The inset in the figure 
shows enlarge view of the first order Raman band 
for both the excitation wavelengths & the dashed 
line shows position expected for bulk sample. 
The bulk CdS has band gap around 2.5 eV i.e. 
around 500 nm. Thus 488 nm gives resonant 
Raman spectra while 632.8 nm gives normal 
Raman spectra. It was reported earlier that the band 
gap depends on the particle size. Therefore only 
particles that have band gap close to 488 nm 
contributes to the Resonant Raman spectra 
(l =488 nm) and hence we observe a well defined ex
-1first order Raman band centered at 298 cm  that is 
Red shifted when compared with bulk spectra of 
-1CdS (~ 305 cm ).  On the other hand the spectra 
taken with 632.8 nm excitation wavelength gives 
average signal from the sample that is consist of 
distribution of nano-particle size along with bulk 
particles resulting in broad first order band. 
Summary
It is shown that Raman spectroscopy is a 
useful technique not only for chemistry but also in 
analyzing rich physics in condensed matters. It is a 
useful tool to investigate small local structure 
changes, spin-lattice coupling. It is shown that it 
can be used as a very fast and efficient tool to 
investigate the size distribution in nano-particles.  
Vasant G. Sathe
UGC-DAE Consortium for Scientific Research, 
University Campus, Khandwa Road, 
Indore 452017
Fig. 3 (a,b): Raman band position (a) and width (b) 
of the B2g mode as a function of temperature. The 
vertical line depicts the magnetic ordering 
temperature while the other line is a guide to the eye.
Fig. 4: Raman spectrum of porous Si nano-particles 
of different size and various size distribution.
The man who discovered the profound physical phenomena of ‘Lamb 
shift’ and ‘Lamb dip’ is no more. Prof. Willis Lamb passed away on  May 15, 
2008 at the age of about 95. He was born on July 12, 1913 in Los Angeles. As an 
undergraduate student at the University of California, Berkeley, he studied 
chemistry. Later he got increasingly fascinated with physics, and his intutive 
prediction of the ‘Moessbauer effect’, 19 years before it was actually 
discovered, was a part of his doctoral thesis on the electromagnetic properties of 
nuclear systems, completed in 1938 under the guidance of Prof. J. R. 
Oppenheimer. Unlike many of the physicists of his genre, Prof. Lamb did not 
join Oppenheimer for the atom-bomb project. Rather he concentrated his 
research on the subject that enamored him the most - microwaves and radar, at 
Columbia University in New York, which culminated in the discovery of the 
‘Lamb shift’ (W. E. Lamb and R. C. Retherford Phys. Rev. 72, 241, 1947). This 
subtle quantum-mechanical shift in energy levels of the hydrogen atom earned 
him the highest scientific recognition in 1955, when he shared the Nobel Prize in 
Physics with Prof. Polykarp Kusch. 
Prof. Lamb’s contributions to laser physics are foundational and 
historical. As we know that the microwave counterpart of the laser, the maser, 
was invented first in 1953. A logical drive then was to devise an extension of the 
maser to optical frequencies i.e. laser. Lamb was one of the pioneering scientists 
who suggested that a closed cavity would be needed to create a laser. And it was 
his student, late Prof. Theodore Maiman who implemented the idea in 1960. 
Lamb’s theory of laser action (W. E. Lamb, Phys. Rev. 134, A1429, 1964) 
elicited the ‘Lamb dip’ in the output power of a gas laser in the frequency domain 
as a consequence of the Doppler effect. The Lamb dip and its counterpart in 
absorptive media, as we know, have enabled the fabrication of frequency stable 
devices that are used to measure time and distance with incredible precision.
Prof. Lamb was a perfectionist, self-depricating and a humurous 
person, who will always be remembered for his profound discoveries. 
Sources: Nature,  453, June12, 2008 and The official web site of the 
Nobel Foundation: http://nobelprize.org/
Compiled by: L. M. Kukreja
RRCAT, Indore
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Symposium Overview
The Eighth DAE-BRNS National Laser 
Symposium sponsored by the Board of Research 
in Nuclear Sciences, Department of Atomic 
Energy, will be held at Laser Science and 
Technology Centre, (LASTEC), Delhi, during 
January 7 to 10, 2009. As in previous years, the 
symposium will provide a platform for young 
researchers in laser physics and technology to 
interact with eminent scientists from India and 
abroad, and to present their work. The symposium 
will cover frontline research in basic laser 
physics, as well as, significant advances in 
development and applications of laser technology. 
In view of the pivotal role played by High Power 
& High Energy Laser technology in several 
disciplines of science, the focal theme of the 
symposium has been chosen as “High Power, 
High Energy Lasers”. The four day symposium 
will include invited and contributed presentations 
by leading experts and young researchers, Ph.D 
thesis presentations, oral and poster presentations 
in the following areas of Laser Science & 
Technology:
· Physics and Technology of Lasers
· Lasers in Nuclear Science & Technology
· Laser Materials, Devices & Components
· Quantum Optics
· Ultra-fast Lasers & Applications
· Nonlinear Optics
· Lasers in Material Science
· Tunable Lasers & Applications
· Laser Plasma Interaction
· Lasers in Industry, Defence and space
· Lasers in Spectroscopy
· Lasers in Chemistry, Biology & Medicine
· Laser Based Instrumentation
The Indian Laser Association (ILA) 
www.ila.org.in will organize short tutorial 
courses on 5-6 January, 2009. ILA will announce 
the details of this separately. ILA will also award 
prizes for best thesis and poster presentations. The 
annual general body meeting of ILA will be held 
during this symposium. For updates of ILA 
courses and NLS-08 symposium visit  
www.barc.gov.in/symposium/nls-08
Venue
The symposium is being organized at Laser 
Science and Technology Centre (LASTEC), 
Metcalfe House, Delhi. LASTEC, one of the 
earliest DRDO labs is situated in the heart of the 
city. For further details visit
 www.drdo.org//labs/lastec
Paper Submission
Authors are requested to send two hard 
copies of their manuscript by post and one by 
email as an attachment, using MS Word 2000 or 
higher version. The length of the manuscript of 
contributed paper should be restricted to two 
pages (including figures, references, etc.) and the 
thesis summary should be limited to four pages. 
A short abstract (up to 100 words) should 
also be sent separately by e-mail only (as an 
attachment using MS Word 2000 or higher 
version). Manuscripts and abstracts indicating 
subject category, along with a copy of filled 
registration form should be sent to:
Dr. Sucharita Sinha, Secretary, NLS-08
Laser & Plasma Technology Division
Bhabha Atomic Research Centre
Trombay, Mumbai-400085
e-mail: nlseight@gmail.com
Guidelines for Preparing Manuscript & Abstract
1. The manuscript should be typed on paper 
size A4 (210mmX297mm) leaving 25mm 
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margin on all sides, using Times New 
Roman font. Title of the paper should be 
bold in font size 12 (do not underline). 
Names of authors with initials should be 
typed in capitals one space below the title in 
font size 10. It should be followed by 
affiliation and e-mail address of the 
corresponding author. All text should be 
centered. The text should start two spaces 
below the address (normal font size 10, 
justified in 1.5 line spacing).
2. Figures and tables should be suitably 
reduced and placed at appropriate places 
with numbers and captions below them.
3. References should be given in the text as 
superscripts, numbered according to their 
occurrences (e.g.1,2,3,etc) and listed at the 
end, leaving two lines after text.
Short Abstract: Title, author’s name, affiliation 
and the text should be typed continuously without 
any line breaks in Times New Roman, font size 
10, single line spacing, with 25mm margin on 
both sides on A4 size paper. Title should be in bold 
letters, names of authors and affiliation in italics 
and text in regular font. The total abstract should 
be restricted to seven lines. Please adhere to 
these guidelines.
Time Schedule (Last Dates) 
Receipt of manuscript: September 15, 2008
Intimation of acceptance: October 31, 2008
Submission of registration form: November 7, 
2008
Proceedings
A hard copy of abstracts of the invited talks 
and accepted papers as well as a CD containing 
full manuscripts will be made available to all 
participants during the symposium.
Presentation Facilities
An area of 1mX1m will be provided for each 
poster presentation.
Accommodation
Maximum number of participants will be 
accommodated in guest houses/hotels in shared 
rooms. Owing to shortage of accommodation, 
participants desirous of attending this 
symposium are advised to send an advance 
amount of Rs 500/- towards booking of 
accommodation.
Financial Assistance to Students
Financial assistance towards local 
hospitality and travel by train (Sleeper Class) by 
the shortest route can be provided to a limited 
number of deserving students. Application for 
assistance must be accompanied with 
recommendation of research guide.
Registration Fee and Intimation of 
Participation
Category     Fee
1. Students Rs.  500/-
2. Delegates from Rs. 1000/-
educational institutes 
& Govt Organizations 
3. Delegates from public Rs. 2000/-
sector undertaking &
industries 
Registration fee along with the advance 
amount for booking of accommodation is payable 
by a Single DD in favour of “National Laser 
Symposium - 08” payable at Delhi. The DD along 
with the registration form should reach the Co-
convener at LASTEC, Delhi (address is given on 
the reverse side of registration form) on or before 
November 7, 2008.
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Eighth DAE-BRNS National Laser Symposium
(NLS-08)
Jan 7-10, 2009
REGISTRATION FORM
(Please strike out whatever is not applicable)
Name (in Capital) : 
(Last Name)      (First name/Initials)
Sex :         Male        Female
Designation :
   (Prof./Reader/Lecturer/Scientific Officer./R.A./Student etc.)
Registration Fee Category :          1          2          3
Address :
Pin
Tel : Fax
E-mail :
Proposed Contribution :  Invited talk/ Contributory paper/Thesis/Exhibition/ Only Participation
Financial Assistance** :  Full / Partial / Not Required
Accommodation Required : Single / Single(twin sharing) / Student Accommodation / Not Required
Accommodation required from Jan          to          , 2009.
Mode of payment :  DD No.
   Amount Dated
Date Signature
Please Note:
1. Hotel charge for a double occupancy will be about Rs.400 /- per head per day; charges for a single 
occupancy room will be about Rs.1000/- per day.
2. The duly filled & signed registration form along with the DD in favour of “National Laser Symposium-
08” ipayable at Delhi, should reach the Co-Convener at LASTEC, Delhi on or before November 7, 2008
3. For additional copies, please photocopy this form
** Can be provided to very limited number of deserving students only when Institute of affiliation is unable to pay. Please 
attach recommendation letter from your guide.
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Full Name :
Address for correspondence :
PIN Code
Tel. No. Fax No.
E-mail Address :
Other Address (Res./Office) :
PIN Code
Tel. No. Fax No.
Date of Birth :
Academic Qualifications :
and Award / Honours received
Present Position :
Fields of Specialization :
Type of membership requested : Life (Fee : Rs. 1000/-) /  Corporate (Fee : Rs. 10000/-)  
/ Student (Fee : Rs. 250/-)
Any particular field in which : Writing articles / Giving popular talks / Local organization / Others
you would like to contribute (Please Specify)
to ILA activities
Membership Payment : Cheque# / Bank Draft No.
DATE SIGNATURE
Send completed application form along with payment to : General Secretary II, ILA,
Laser R&D Block A,
Centre for Advanced Technology,
PO : CAT, INDORE 452 013 (M.P.)
E-mail : srm@cat.ernet.in
# Make Cheque / Draft payable to Indian Laser Association. Drafts should be payable at Indore.
# For outstation cheque please add Rs. 35 upto 1000/- rupees and additional Rs. 4.5 per extra thousand 
rupees for bank charges. Combined payment is acceptable.
FOR ILA OFFICE
Membership type and No. :
Membership Receipt No. :
Any other remarks : (General Secretary II)
MEMBERSHIP FORM
INDIAN LASER ASSOCIATION
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Preceding the eighth DAE-BRNS National 
Laser Symposium, NLS-08, at Laser Science and 
Technology Centre (LASTEC), Delhi, during 7-
10 Jan, 2009, Indian Laser Association (ILA) is 
thorganizing following two short courses on 6  Jan. 
2009. 
1. Course I: 
“Laser Based Instrumentation” 
Course Coordinator: Prof. M. P. Kothiyal, IIT  
Madras, Chennai
2. Course II: 
“Biomedical Applications of Lasers”
Course Coordinator: Dr. P. K. Gupta, RRCAT, 
Indore
The two courses will be conducted in 
parallel from 9:30 to 17:30 Hrs.
Objectives: 
• To give exposure to young researchers in the 
chosen areas,
• To build up capability to handle 
research/technical problems, and  
• An opportunity to interact with peers in the 
chosen areas.
The courses will be highly beneficial to
• M. Sc. / M. Tech./ Research students in 
appropriate disciplines
• Scientists/ Engineers/ Professionals 
interested in the chosen areas
Course Fees: 
Course fee per participant  is
Rs. 400/- for ILA members/ILA corporate 
members
Rs. 750/- for Non ILA members from Research 
institutes, Universities
Rs. 1500/- for participants from Industry
• Please note that course fee does not include 
lodging and boarding charges. 
• Course fee covers participant’s kit, working 
lunch and tea during the course.
Registration for the Courses:
Persons interested to register for the courses 
should fill the registration form and send it to 
S.V.Nakhe, 
General Secretary II, ILA, 
R&D Block-C-1, RRCAT, 
P. O. CAT, Indore- 452 013 
Email : nakhe@cat.ernet.in,  
Phone : 0731-2442409, Fax : 0731-2442400
Please enclose a DD for the course fee drawn 
in favor of “Indian Laser Association”, payable 
at State Bank of India, Sukhniwas Branch, Indore 
th(Code 8484); latest by  7   Nov. 2008. 
In order to have closer interaction with the 
Course Coordinators, the number of participants 
may be limited to typically 40 per course. 
Registration for the courses will be done on first 
come first served basis.
Local arrangements:
Participants to the ILA short course are 
requested to forward accommodation request to 
Co-Secretary NLS-08 at the following address:
Ms.Lalita Dasgupta, 
Co-Secretary, NLS-08
nlsdelhi@gmail.com
LASTEC, Metcalfe House, 
Delhi-110054. Ph: 011-23816839
Please follow the guidelines mentioned in 
t h e  N L S - 0 8  b r o c h u r e  f o r  b o o k i n g  
accommodation.
The request may be made using the 
registration form for Eighth  DAE-BRNS 
National Laser Symposium (NLS-08). The form 
is also  available at Indian Laser Association web 
site (www.ila.org.in). 
ILA Short Courses
on 
Laser Related Topics
thOn  6   January  2009 
at Laser Science and Technology Centre (LASTEC), Delhi .
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Name : Mr./Ms
Age : yrs. 
Status : Student/Faculty/Professional from Industry/ Manager/ other
Highest qualification and specialization :
Institution:
[ ILA membership number: / Not a ILA member
Address for correspondence :
PIN State
Phone & Fax :
E-mail :
Category & Fee : 1. ILA member (Rs.400/-) 2.  Non ILA member (Rs.750/-)                  
3. Industrial participants (Rs.1500/-) 
I am interested in attending (please make a ring around your option): 
Course-I   (Laser based instrumentation)               
Course-II (Biomedical applications)
Course fee Rs. Draft enclosed .   
Draft Details:
Amount : Rs. DD No. Date
Name of Bank
                                                                                                   
Signature
(Please ensure that you have communicated to Co-secretary NLS-08 for accommodation.) 
Please send this form to
S.V.Nakhe, 
General Secretary II, ILA, 
R&D Block-C-1, RRCAT, P. O. CAT, Indore- 452 013 
Email: nakhe@cat.ernet.in,  Phone : 0731-2442409, Fax : 0731-2442400
REGISTRATION FORM
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on 6th January, 2009
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Photograph shows the profile cutting of steel sheet with a 3.5 kW CW CO  laser developed 2
at Laser Material Processing Division of RRCAT (for relevant article please see page no. 22)
Photograph of Photoluminescence and photo-reflectance 
spectroscopy setup at RRCAT, Indore (for relevant article please see page no. 28)
